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ABSTRACT 
This   paper   p resents   exper imenta l   resu l ts   descr ib inq   the  dc and C02 l a s e r  
he te rodyne  cha rac te r i s t i cs  o f  a three element nt-p Hgo. &do. 2Te photodiode array 
and single  e lement and f o u r  element  n+-n--p Hgo.8Cdo.zTe photodiode  arrays.  The 
measured data shows t h a t   t h e  nt-p c o n f i g u r a t i o n   i sc a p a b l e  o f  ach iev ing  
bandwidths  of 475 t o  725 MHz and no ise   equ iva len t  powers o f  3.2  x 10-20W/Hz a t  
77 K and 1.0  x 10-''W/Hz a t  145 K. The  n+-n--p photodiodes  exhib i ted  wide 
bandwidths (-2.0 GHz) and f a i r l y  good e f f e c t i v e   h e t e r o d v n e  quantum e f f i c i e n c i e s  
(-13-30% a t  2.0 GHz). No ise   equ iva len t  powers rang ing   f rom 1.44  x lO'''W/Hz t o  
6.23  x 10-20W/Hz were  measured a t  2.0 GHz. 
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INTRODUCTION 
I n f r a r e d   h e t e r o d y n e   d e t e c t i o n  as  ameans o f  d e t e c t i n g  weak s i g n a l s  i s  use- 
f u l   i n  many systems a p p l i c a t i o n s ,  such as remote  s nsing,  communications, 
op t i   ca l   radar   range f i nders, b a t t l   e f  ie l  d su rve i  11 ance, v e l   o c i  t y  and tu rbu lence  
measurements  and i n f r a r e d  astronomy. I n f r a r e d   h e t e r o d y n e   r e c e i v e r s   w h i c h   u t i l -  
i z e  (Hg,Cd)Te photodiodes i n  a 10.61.m CO, l ase r  he te rodyne  app l i ca t i on  have  been 
devel  oped f o r  use i n   t h e s e  systems.  There  are  two (Hg,Cd)Te photodiode  s t ruc-  
tures  which have  been designed t o  meet t h e  needs of   var ious  heterodyne appl  i c a -  
t i o n s :   t h e  n -p  photodiode and t h e  n -n  -p  photodiode. 
+ t -  1-5 
The nt-p (Hg,Cd)Te pho tod iode   s t ruc tu re  was i n i t i a l l y  des igned   fo r  use i n  
d i r e c t   d e t e c t i o n  systems,  and  hence, t h e   d e v i c e   d e t e c t i v i t y  has  been o p t i -  
mized. 3-5  There  are a number o f  CO, 1 aser  heterodyne  system  appl icat ions  which 
require  moderate  bandwidths (-500 MHz) and e leva ted   tempera ture   opera t ion  
(T 120 K). The  n -p pho tod iode   s t ruc tu re  i s  optimum f o r   e l e v a t e d  tempera- 
t u r e  o p e r a t i o n  s i n c e  it i s  c a p a b l e  o f  a t t a i n i n g  fa i r l y  low s a t u r a t i o n  c u r r e n t s .  
t 
It i s  v e r y   d i f f i c u l t   t o   p e r a t e  n -n   -p  (Hg,Cd)Te photodiodes a t  tem- 
pera tures   g rea ter   than 110 K due t o  t h e  l o w  c a r r i e r  c o n c e n t r a t i o n  ( n e a r  i n t r i n -  
s i c )   c o n t a i n e d   i n   t h e   n - - l a y e r .  However, t he   adven t   o f   t echn iques   f o r   u l t ra -  
wideband  modulat ion  of CO, 1 a s e r   t r a n s m i t t e r   s i g n a l  s and the   requ i remen t   o  
handle large Doppler  f requency of fsets  has c rea ted  the  need f o r  e x t e n d i n g  t h e  IF 
bandwidth  performance o f  i n f r a r e d  r e c e i v e r s  t o  a t  l e a s t  2.0 GHz. The  n -n -p 
(Hg,Cd)Te p h o t o d i o d e s   a r e   i d e a l l y   s u i t e d   f o r  such app l ica t ions   ince   they   a re  
capable o f  a t t a i n i n g  1 arge IF bandwidths. 
t -  
+ -  
Th is   paper   p resents   resu l ts   per ta in ing   to  the   two  d iode  s t ruc tu res .   The 
n -p  photodiode  at ta ined  heterodyne  s ignal   f requency  response  of  475 - 675 MHz 
a t  a temperature  o f  145 K. A1 so, t h e  n -n  -p hotodiode  demonstrated band- 
w i d t h s  o f  2000 MHz when operated i n  a heterodyne mode a t  a temperature of 77 K. 
t 
t -  
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HETERODYNE FIGURE OF W R I T  
The no ise   equ i  V a l  en t  power (NEP) o f f e r s  a v e r y  c o n v e n i e n t  f i g u r e  o f  m e r i t  
fo r   eva lua t ing   the   he terodyne  per fo rmance  o f  a (Hg,Cd)Te photodiode. The NEP i s  
de f i ned  as t h e   i n c i d e n t   s i g n a l  power t h a t  must be d e t e c t e d   i n   o r d e r   t o   g i v e  a 
s i g n a l - t o - n o i s e   r a t i o  (SNR) o f  1.0 i n  a bandwidth  o f  1.0 Hz. The NEP p e r   u n i t  
bandwidth f o r  an n-p  (Hg,Cd)Te photodiode i s  given by the  fo l l ow ing  exp ress ion :  
where  ILO i s  t h e  l a s e r  l o c a l  o s c i  11 a t o r  i n d u c e d  c u r r e n t  w h i c h  i s  r e 1  a t e d  t o  t h e  
i n c i d e n t  l a s e r  power through the express ion:  
where h i s  P l a n c k ' s  c o n s t a n t ,  v i s  frequency, q i s  t h e  e l e c t r o n  charge, 
and n i s  t h e  dc quantum e f f i c i e n c y .  
The l a s t  two  terms i n  e q u a t i o n  (1) e s t a b l i s h  t h e  c r i t e r i a  f o r  d e t e r m i n i n g  
t h e   t r a d e - o f f  between t h e   f r a c t i o n a l   d e g r a d a t i o n   i n  NEP as a f u n c t i o n   o f   t h e  
l o c a l  o s c i l l a t o r  power, u s i n g  t h e  f o l l o w i n g  q u a n t i t i e s  as parameters: 
0 The dev ice   qu i va len t   c i r cu i t   pa ramete rs  (GD the  shunt  conduct- 
ance, Rs  t he   se r ies   res i s tance ,  and CD t he   j unc t i on   capac i -  
t ance) , 
0 The pho tod iode   sa tu ra t i on   cu r ren t  (ISAT), 
0 The physical   temperature  of  the  photodiode  (TM),  
0 The dev ice  quantum e f f i c i e n c y  (TI), 
0 The I F   p r e a m p l i f i e r   c h a r a c t e r i s t i c s  (TIF the   equ iva len t   p re -  
amp1 i f i e r   n o i s e   t e m p e r a t u r e ) .  
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It i s   i n s t r u c t i v e   t o   r e c a s t   e q u a t i o n  (1) by d e f i n i n g  a  minimum de tec tab le  
s igna l  power Pmi n = hv/rrq,  an ava i l ab le  the rma l  no i se  power, 
and an a v a i  1 ab le shot  no ise power, 
The NEP can  then be w r i t t e n  as: 
I n  o r d e r   f o r   t h e  NEP t o  approach  the   theore t ica l  1 imit (Pmi n)   the  photo-  
diode must be operated under  the fo l  1 owing condi t ions:  
1. ILO >> ISAT 
2 .  psh >> P t h  
F o r   t h e   b e s t   h e t e r o d y n e   d e t e c t i o n   s e n s i t i v i t y ,   t h e   l o c a l   o s c i l l a t o r   i n d u c e d  
c u r r e n t   ( 1 ~ 0 )   i s   f i x e d  so tha t   he   sho t   no i se  domi nates  the  thermal  noise and 
the  photo- induced  current   dominates  the  saturat ion  current  so t h a t :  
Under these  cond i t i ons  the  dev i ce  sens i t i v i  t.y i s  o n l y  1 i m i t e d  by t h e  dc quantum 
e f f i c i e n c y .   I n   r e a l i t y  it i s  very d i f f i c u l t   t o   a d j u s t   t h e   i n c i d e n t   l o c a l   o s c i l -  
l a t o r  so t h a t  i t  completely  dominates  the hot  noise and t h e   s a t u r a t i o n  
current.   Therefore,   the  observed NEP i s  
NEP h v  - 
”
B q 2 H  
where t h e   f f e c t i v e   h e t e r o d y n e  quantum e f f i c i e n c y  qEH i n c l u d e s   t h e   f f e c t s  
c o n t r i b u t e d  b.y the   b racke ted   t e rm  i n  equa t ion  (1). The e f fec t i ve   he te rodyne  
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quantum e f f i c i e n c y   i s ,   t h u s ,  a f i gu re -o f -mer i t   wh ich   desc r ibes   quan t i t a t i ve l y  
how c l o s e l y  a g i v e n  i n f r a r e d  h e t e r o d y n e  r e c e i v e r  ( i  .e., t he  (Hg,Cd)Te photodiode 
and amp1 i f  i e r  combi nat  i on) approaches the maxi mum t h e o r e t i c a l  e f f  i c i  ency , 
i.e. , ~ E H  = 100% which  corresponds t o  t h e  quantum  noise 1 i m i t e d  NEP o f  
1.87 X lo-'' W/Hz a t  a wavelength of  10.6 micrometers. 
The (Hg,Cd)Te photodiode  device  parameters (IsAT,GD,Rs, and CD)are 
a l s o  ver.y i m p o r t a n t  q u a n t i t i e s  w h i c h  m s t  be considered i n  o r d e r  t o  o p t i m i z e  t h e  
e f fec t i ve   he te rodyne  quantum e f f i c i e n c y .  The i d e a l  (Hg,Cd)Te heterodyne  photo- 
d i o d e  i s  one i n  which  the  thermal ly   generated  detector   no ise  is   min imized.   Th is  
means that  t h e   s a t u r a t i o n   c u r r e n t  must  be 1 imi t e d  t o  very  small  values  by 
choosing  the (Hg,Cd)Te m a t e r i a l  w i t h  t h e  l o n g e s t  p o s s i b l e  m i n o r i t y  c a r r i e r  l i f e -  
t ime and the  de tec tor  con f  i qura t i on  w i th  the  sma l l  es t  volume f o r  thermal genera- 
t i o n  o f  e lec t ron -ho le   pa i r s .  Thus, i f  the   sa tu ra t i on   cu r ren t   i s   m in im ized   t hen  
moderate 1 evels  ( - 500 mic rowat ts )  o f  1 oca1 osc i  11 a t o r  power a r e  r e q u i r e d  t o  
overcome the  e f fec ts  o f  the  thermal ly  genera ted  de tec tor  no ise  ( ISAT) .  
F i n a l l y ,  it i s  noted  that   he  laser   induced  shot   no ise power i s  dependent 
upon the  photodiode  shunt  conductance,  series  resistance, and junc t i on   capac i -  
tance. The  maximum shot  noise power i s   o b t a i n e d  when the  device  possesses a low 
se r ies   res i s tance  ( 5 t o  10 ohms) , a low  capaci tance ( -  1.0 t o  2.0 pF) and a 
low shunt  conductance (- 1.0 X l o w 3  t o  2 X mhos).  Therefore, i n   d e s i g n i n g  
the   bes t  n-p  (Hg,Cd)Te photod iode  s t ruc tu re  it i s  necessary t o  reduce  the  ther-  
mal n o i s e   c o n t r i b u t i o n   t o  as low a value as i s   p o s s i b l e  and t o   m i n i m i z e   t h e  
GD, RS , and CD parameters. 
THE n -p  Hg, ,Cd , 2Te PHOTODIODE + 
t The  n -p  hotodiode  structure  possesses  low  saturat ion  currents  because 
t h e   d o p i n g   l e v e l s   i n   t h e  n and p regions  are  chosen  such  that   he  width  of   the 
d e p l e t i o n   r e g i o n   i s  reduced.  This, i n   e f f e c t ,   m i n i m i z e s   t h e   g n e r a t i o n -  
recombina t ion   cur ren t   con t r ibu ted  by the   dep le t i on   l aye r .  The t h e r m a l   d i f f u s i o n  
cur ren t   f rom  the   n - reg ion   i s   m in imized by f a b r i c a t i n g  a f a i r l y   t h i n   n + - l a y e r  
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(0.3 t o  0.7 micrometers) .   Therefore,   the  p- reg ion i s   t h e   p r i m a r y   s o u r c e   o f   t h e  
saturat ion  current.   Reducing  the  volume  of   the  p-region wil also  he lp  m i  n imize 
the   thermal   d i f fus ion   cur ren t   f rom  the   p -s ide .  The bandwidth o f  t he  n+-p 
photodiode i s  d e t e r m i n e d   b y   t h e   l i f e t i m e   o f   t h e   m i n o r i t y   c a r r i e r s   ( e l e c t r o n s )  
d i f f u s i n g  t o  t h e  j u n c t i o n  f r o m  t h e  p - r e g i o n .  T h i s  i m p l i e s  t h a t  t h e  b a n d w i d t h  o f  
t h e  n+-p dev ice wi 11 be smal l   e r   than  the  n -n   -p  dev ice  s ince  the band- 
w i d t h   o f e  n -n   -p   dev ice i s  RC l i m i t e d  and t h e  primar.y c o l l e c t i o n  
mechanism i s  due t o   t h e   e l e c t r i c   f i e l d   i n   t h e   d e p l e t i o n   r e g i o n .  However, i n  
o r d e r   t o  a c h i e v e  (Hg,Cd)Te photodiodes  that  are  capable of h i g h   s e n s i t i v i t . y  
heterodyne  detect ion  a t   e levated  temperatures,  one nust  pay the   pena l t y   o f   l oss  
i n  bandwidth. 
+ -  
+ -  
P lanar   process ing  techniques were  used t o   f a b r i c a t e   t h e  n - j u n c t i o n s  on a 
subs t ra te   o fcopper  doped p- type (NA - 2.0~10  cm ) Hg,,~,Cd,~,Te. The 
h i g h   c a r r i e r  n l a y e r  (ND - l . O ~ l O - ~ ~ c m - ~ )  was achieved  by  thion 
imp lan ta t ion   o f   boron ,  a s low ly   d i f f us ing   donor   spec ies ,   i n to   t he   p - t ype  sub- 
s t r a t e .  A double  boron  ion  implantat ion was employed t o  achieve  n+- junct ion 
depths  of  approximately 0.3 t o  0.7 micrometers. The ions were i m p l a n t e d   i n t o  
p h o t o l i t h o g r a p h i c a l l y   d e f i n e d   a r e a s  and the  wafers were t h e n   s u b j e c t e d   t o  
post- implant  thermal  anneals. The anneals,  which  reduce  implant  induced damage 
t h a t  wil mask t h e   l e c t r i c a l   a c t i v i t y   o f   t h e   i m p u r i t y   s p e c i e s , 4 3 5  were  per- 
formed i n  a reducing  atmosphere o f  forming gas a t  temperatures  ranging  from 125 
t o  175°C w i th  du ra t i ons  o f  one to  th ree  hours .  
+ 
1 6  - 3  
+ 
Front  and backside  contacts were made subsequent t o   t h e   p o s t - i m p l a n t  
anneals. A t h i n   g o l d   l a y e r  was used f o r  the  backs ide  contact .  Upon compl e t i o n  
o f   t he   f ab r i ca t i on   p rocedure ,   t he  (Hg,Cd)Te wafer was then   d i ced   i n to   ch ips  
w h i c h  w e r e  t h e n  i n d i v i d u a l l y  a f f i x e d  t o  a h igh f requency mount ing s t ructure.  
The c h a r a c t e r i z a t i o n   o f   t h e  nt-p  hotodiode i s  made through  the  use  o f  dc 
c h a r a c t e r i s t i c s  (I-V charac te r i s t i cs ,   spec t ra l   response ,  and capaci tance-vo l tage 
measurements) and shot  noise and blackbody  heterodyne  radiometry measurements. 
The data obta ined f rom these measurements i s  p r e s e n t e d  i n  T a b l e  1. 
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The current-voltage (I-V) character is t ics  of the n+-p Hg0.8Cdo.zTe 
photodiodes were  measured a t  77 K and 145 K. The devices  exhibited forward 
resistances of approximately 20 t o  40 ohms a t  bo th  temperatures, and the  zero 
bias  resistance was found t o  vary from 75 t o  7000  ohms at  77 K, while a t  145 K 
the  zero  bias  resistance ranged from 30 t o  250  ohms.  The  breakdown voltage, 
defined t o  be t h a t  voltage a t  which  1.0 m4 o f  excess  reverse  current flows i n  
the junction, varied from approximately 0.20 t o  0.75 volts a t  77 K and from 0.06 
t o  1.30 volts a t  145 K. Figure 1 shows the  current-voltage  characteristic of 
element one  of the  three element array.  Spectral  response measurements revealed 
t h a t  the photodiodes  possessed  cutoff wavelengths of approximately 10.31 t o  14.1 
micrometers and 8.89 t o  11.4 micrometers a t  77 K and 145 K, respectively. 
Blackbody  measurements  were performed a t  a frequency of 1.0 kHz t o  measure 
the dC q u a n t u m  efficiencies of the  devices. The result  of these measurements 
are shown i n  Table 1. The devices  are seen t o  exhi bit  dC q u a n t u m  efficiencies 
rangi ng from 73% t o  78%. 
Capacitance-voltage measurements  were performed on the  three elements of 
the a r r a y ;  the results of the measurements on element one are shown in  Figure 2 ,  
where a graph o f  1 / C  versus  the  reverse  bias  voltage a t  77 K i s  presented. 
The straight  line  plot  reveals t h a t  the n - p  junction  is a b r u p t  ( i  .e. 
ND>>NA). The net acceptor  concentrations  in the  p-regions of the ar ray  were 
determined from the  line slopes t o  vary from 1.0~10 t o  3.1~10 cm . 
This resul t   i s   consis tent  with the   in i t ia l  copper  concentration 
(NA - 2.0~10 cm ) t h a t  was introduced  during  the growth  of the p-type 
Hgo.8Cdo.2Te. I n  addition, Hall measurements performed a t  77 K yielded 
acceptor  concentrations of approximately 1 . 5 ~ 1 0  t o  3.4~10 cm . 
2 
t 
1 6   1 6  - 3  
1 6  - 3  
1 6  16 - 3  
Shot  noise and blackbody heterodyne  radiometry  techniques were  used t o  
measure the n -p  photodiode's  frequency  response and noise  quivalent power 
(NEP).1,2,6,7 The measurements  were made with a low noise wide  bandwidth 
preamplifier which possessed a net  gain of approximately 35 dB, a noise  figure 
of 2.5 dB, and a bandwidth of 5 t o  1000 MHz. The shot-noise  frequency  response 
was measured by illuminating  the  photodiode's  active  area w i t h  sufficient chop- 
ped C02 laser  power t o  overcome the thermal noise. The shot  noise  spectrum 
+ 
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was determined by slowly  scanning a spectrum  analyzer over the induced shot 
noise and synchronously detecting  the chopped signal by connecting a lock-i n 
amplifier t o  the vertical output of the spectrum analyzer. 
The measured shot  noise  frequency  response of the n - p  photodiode array 
ranged from 581 t o  820 MHz for  incident CO, laser  power levels of 175 t o  300 
microwatts a t  77 K and 145 K. The response  did not vary as a function of device 
temperature. 
+ 
The heterodyne  frequency  response and sensitivity  (represented by e i the r  
the noise equivalent power, N E P ,  or the effective heterodyne q u a n t u m  efficiency, 
~ E H )  were  measured using the experimental  configuration  illustrated i n  
Figure 3. A blackbody source (T = 1000 K )  beats  against  the CO, laser  local 
oscillator  source. The local  oscillator power is  adjusted so t h a t  the shot  
noise domi nates  the thermal noise  in  the  receiver. By measuring the  signal - t o -  
noise ratio (SNR) , the effective heterodyne q u a n t u m  efficiency can be calculated 
from the  fol 1 owi ng expression: 
where T is  the post detection  integration  time, B is   the IF bandwidth, x is  the 
optics  transmission  factor, TBB and Tr are  the blackbody and reference tem- 
peratures and EBB and E r  are  the  missivities of the blackbody and refer- 
ence. 
Figure 4 presents  the  terodyne  frequency  response  for element one 
measured a t  145 K .  I t  i s  seen t o  be f l a t  t o  approximately 600 MHz. The right 
side o f  Table 1 presents a summary o f  the  heterodyne  Droperties o f  the  three 
element n - p  photodiode ar ray .  I t  a l so   l i s t s  the operating  points  (i.e., 
reverse  bias  voltage,  capacitance and  dark current a t  the  bias  voltage, and 
incident CO, laser  power) a t  which the heterodyne measurements  were made.  The 
d a t a  clearly  indicates t h a t  i t   i s  possible t o  operate  the n+-p photodiode in 
the  heterodyne mode and t o  obtain moderate bandwidth (475 - 725 MHz) and fair1.y 
good sens i t iv i t ies ,  n ~ ~ - 5 8 %  and n ~ ~ - l 9 % ,  a t  77 K and 145 K ,  respectively. 
+ 
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The n- i -p photodiode i s  t h e  optimum (Hg,Cd)Te d e v i c e  s t r u c t u r e  f o r  u s e  as  a 
h i g h  speed, i.e., wide  bandwidth, CO, l a s e r   h e t e r o d y n e   d e t e c t o r   o f  i n f r a r e d  
r a d i a t i ~ n . ~ ~ ~  The dev i ce   cons i s t s   o f  a s l a b   o f   n e a r l y   i n t r i n s i c  "i" semicon- 
duc tor ,  bounded on  one s ide  by a re1 a t i  v e l y   t h i n   l a y e r  o f  very   heav i l y  doped 
n- type  mater ia l  and on the   o the r   s ide  b.y a r e l a t i v e l y   t h i c k   l a y e r   o f   h e a v i l y  
doped p-type  s miconductor  mater ia l .  Ohmic c o n t a c t s   oh e   h e a v i l y  doped 
reg ions  serve as a means o f   a p p l y i n g   s u f f i c i e n t  dc r e v e r s e   b i a s   v o l t a g e   t o   t h e  
s t r u c t u r e  so t h a t  t h e  d e p l e t i o n  l a y e r  o f  t h e  j u n c t i o n  s p r e a d s  o u t  t o  occupy t h e  
e n t i r e   i n t r i n s i c   o r  1 i g h t l y  doped  n-volume. Th is  volume then becomes a r e g i o n  
o f   h i g h  and n e a r l y   c o n s t a n t   e l e c t r i c   f i e l d ,  a region  which i s  swept f r e e   o f  
e l e c t r o n - h o l e   p a i r s ,  and  one wh ich   ons t i t u tes   t he  ac t i ve  volume o f   t h e  
device.10, l l  
Abso rp t i on   o f   i n f ra red   rad ia t i on   i n   t he   semiconduc to r   p roduces   e lec t ron -  
h o l e   p a i r s   t h a t   a r e   e i t h e r   c o l l e c t e d  by t h e  d r i f t  ( e l e c t r i c  f i e l d )  o r  d i f f u s i o n  
mechanism. For   h igh  speed d e v i c e s ,   t h e   d r i f t  mechanism  must domi na te   s ince   the  
d i f f u s i o n  mechanism on ly   serves   to  limit the  heterodyne  dev ice 's   h iqh  f requency 
s e n s i t i v i t y .   F o r  maximum c o l l e c t i o n   e f f i c i e n c y ,   t h e   i n t r i n s i c   r e g i o n  must  be 
t a i l o r e d  t o  be 2 / a  t h i c k ,  where a i s  t h e  a b s o r p t i o n  c o e f f i c i e n t  o f  t h e  i n c i d e n t  
i n f r a r e d   r a d i a t i o n .  Thus, d i f f u s i o n   o f   c a r r i e r s   f r o m   t h e   p - s i d e   o f   t h e   j u n c t i o n  
i s  minimized by proper  p lacement  of   the i region  below  the  surface. 
I n  p r a c t i c e ,  it i s  v e r y   d i f f i c u l t   t o   a c h i e v e   t h e   i d e a l i z e d   i n t r i n s i c   l a y e r  
i n  most  emiconductors, i .e., s i1   con,   ga l l ium  arsenide,   mercury cadmium 
t e l l u r i d e ,   e t c .   T h e r e f o r e ,   t h e  "i" reg ion   i s   app rox ima ted  b.y e i t h e r  a l i g h t l y  
doped n - l a y e r   o r  a l i g h t l y  doped p- layer.  It i s  because o f   t h e   l o w   d o p i n g   i n  
t h e  i r e g i o n   t h a t  most o f   the   po ten t ia l   d rop   appears   across   th is   reg ion .  The 
n -n  -p  hotodiode i s   t h e   b e s t  (Hg,Cd)Te dev ice   s t ruc tu re   fo r   w ide   bandwid th  
C02 l a s e r   h e t e r o d y n e   a p p l i c a t i o n s   s i n c e   t h i s   c o n f i g u r a t i o n   i s  analogous t o   t h e  
n - i  - p  photodiode. 
8 
t -  
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Planar  processing  techniques  were  used t o   f a b r i c a t e   t h e   l i g h t l y  doped n' 
1 a y e r s   ( a c t i v e   a r a   i s 1 . 8 ~ 1 0  cm ) on a subs t ra te   o f p - t ype  
(NA - 1 . 0 ~ 1 0  cm ) Hgom8Cdo.2Te.1y2  The s u b s t r a t e s   a r e   i n i t i a l l y  doped 
w i t h  a ne t   donor   concent ra t ion  o f  approx imate ly   1 .0~10 cm . A mercury 
d i f f us ion   p rocess   wh ich  compensates the  non-sto ich iometr ic   defects ,   presumably  
mercury  vacancies, i n   t h e   p - t y p e   s u b s t r a t e   i s  employed t o   c o n v e r t  a su r face  
l a y e r   o f   t h e   p - t y p e   m a t e r i  a1 t o  n- type  mater ia l .   Anneal ing i n  a mercury  atmos- 
phere  al lows  mercury t o   d i f f u s e   i n t o   t h e   p - t y p e   s u b s t r a t e  and t h i s   r e s u l t s   i n  
t h e  a n n i h i  1 a t i on  o f  t he  mercu ry  vacanc ies  , thereby  a1 1 owing the res idual  donor  
i m p u r i t i e s   a l r e a d y   p r e s e n t   i n   t h e  s u b s t r a t e  t o  predominate. A sha l l ow  
n -1 ayer (ND - 5x10 t o   1 . 0 ~ 1 0  cm ) was a p p l i e d   t oh e  s u r f a c e   o f
n - l a y e r  i n  o r d e r  t o  r e d u c e  t h e  d e v i c e ' s  s e r i e s  r e s i s t a n c e .  
- 4  2 
17 -3 
14 -3 
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I-V c h a r a c t e r i s t i c s  measured  on t h e  n -n  -p  photodiodes  revealed  for-  
ward   res is tances   o f   approx imate ly  10 t o  35 ohms and ze ro  b ias  res i s tances  o f  180 
t o  5000 ohms. The breakdown vol tage  ranged  f rom 630 t o  2250 mV for   dev ices  pos-  
sess ing  cu to f f  wave lengths  o f  10.88 t o  12.5 micrometers. 
+ -  
C - V  measurements  were  p rformed on t h e  n -n - p  devices and p l o t s   o f  
1 / C 2  ve rsus   t he   reve rse   b ias   vo l tage   have   resu l ted   i n  a s t r a i   g h t - 1  i ne 
behav io r .   Th is   ind ica tes   tha t   he   mercury   d i f fus ion   p rocess   c rea tes  a one-sided 
a b r u p t   j u n c t i o n  (NA>>ND). A leas t   square  fit a p p l i e d   t o   t h e  1/C data  
y i e l d e d  a net   donor  concentrat ion  o f approx imate ly  1.1 x 10 t o  
1 .0~10  cm i n   t h e  n- l aye r .  The donor  concentrat ions  measured by t he  C - V  
t e c h n i q u e   a r e   c o n s i s t e n t   w i t h   t h e   i n i t i a l   d o n o r   c o n c e n t r a t i o n s   t h a t  were i n t r o -  
duced dur ing  the  growth  o f  the  p- type  (Hg,.  ,Cd,. ,)Te. 
+ -  
2 
14  
1 5  -3 
Blackbody  measurements  performed a t  a frequency o f  1 kHz r e s u l t e d   i n  dC 
quantum e f f i c i e n c i e s   r a n g i n g   f r o m  34% t o  65%. The n -n  -p   hotodiodes  d id  
n o t  possess a n t i - r e f l e c t i o n  c o a t i n g s  on t h e i r  a c t i v e  areas. 
+ -  
The  shot  noise and blackbody  heterodyne  radi   ometry  techniques a1 ready 
discussed were  used t o   c h a r a c t e r i z e   t h e  n -n  -p  hotodiode. The r e s u l t s   o f  
the   sho t -no ise  measurements i n d i c a t e d   t h a t  many o f   t he   pho tod iodes   t es ted  had 
frequency responses that were f l a t   t o  2.0 GHz; n o  s i g n  o f  t h e  R C  r o l l - o f f  was 
+ -  
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present a t  t h i s  frequency.  However,  the  frequency  response was observed t o  be  a
func t i on   o f   t he   app l i ed   reve rse   b ias   vo l tage .   I nc reas ing   t he   reve rse   b ias   vo l -  
tage  inc reases   the   dep le t ion   w id th  and, hence, reduces  the  device  capacitance. 
Since  the  photodiode  shot-noise  frequency  response i s  RC 1 imi ted ,   reduc ing   the  
capac i tance resu l ts  in  inc reas ing  the  dev ice  f requency  response.  
The shot-noise  f requency  response  of  an n -n -p (Hg,Cd)Te photodiode, 
w i t h  a bandwidth  greater  than 2.0 GHz, i s  presented i n  F igu re  5. The observed 
shot-no ise  s ignal   leve l   presented i n   F i g u r e  5 changes as the   reverse   b ias   vo l -  
t a g e  i s  v a r i e d  s i n c e  t h e  d e v i c e  impedance i s  a f u n c t i o n  o f  t h e  r e v e r s e  b i a s  v o l -  
tage.  Network  analyzer  measurements  presented i n  F i g u r e  6 show that  the   vo l tage  
s tanding wave r a t i o  changes as a f u n c t i o n   o f   t h e   r e v e r s e   b i a s   v o l t a g e .  The data 
presented i n   F i g u r e  6 was measured us ing  a computer cont ro l led   Hewle t t -Packard  
8542 network  analyzer and c l e a r l y  shows t h a t   h e   d e v i c e  impedance  changes as a 
func t ion  o f  the   app l ied   reverse   b ias   vo l tage.  S i m i l a r  measurements  have a l so  
demonstrated  that  the  device  impedance i s  a lso  dependent on t h e   i n c i d e n t  CO, 
l a s e r  power. 
+ -  
6 
Blackbody  heterodyne  m asurements  were made on t h e  n -n--p  photo- 
d iodes.   Ef fect ive  heterodyne quantum e f f i c i e n c i e s  were measured i n   t h e  100 t o  
2000 MHz frequenc,y  region and ranged f r o m  13 t o  30%. These values  correspond t o  
no ise   equ iva len t  powers o f  l.44x1O1'W/Hz t o  6 . 2 3 ~ 1 O - ~ ~ W / H z ,  respec t i ve l y .  
Table 2 presents a summary o f   the   he terodyne  charac ter is t i cs   o f   s ing le   e lement  
n -n -p  hotodiodes  whi le Tab1 e  3 presents  heterodyne  data on a 2 x 2 el   e-  
ment a r ray .  Al of   t he   da ta   p resen ted   i n  th i s   paper  was measured on devices 
possessing a square  act ive  area  o f 1.8 x 10 crn . Both   tab les  1 i s t   t h e  
opera t i ng   po in ts ,  i.e., t h e   i n c i d e n t  CO, l a s e r  power, the   b ias   vo l tage,   the  
dark  current,  and t h e   l o c a l   o s c i l l a t o r   i n d u c e d   c u r r e n t  a t  which  the NEP and 
e f fec t i ve  he te rodyne  quantum e f f i c i e n c i e s  were  measured. 
+ 
+ -  
- 4  2 
The e f fec t i ve   he te rodyne  quantum e f f i c i e n c i e s  have been measured t o   b e  
f a i r l y   f l a t   i n   t h e  100 t o  2000 MHz frequency  range.  Figure 7 presents  data 
showing  the  measured e f fec t i ve   he te rodyne  quantum e f f i c i e n c y  as a f u n c t i o n   o f  
f requency for element 2 o f  the  four  e lement  a r ray  whose p r o p e r t i e s  a r e  l i s t e d  i n  
Table 2. The dev ice   exh ib i ted  an e f fec t i ve   he te rodyne  quantum e f f i c i e w y  o f  19% 
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a t  2.0 GHz when r e v e r s e   b i a s e d   t o  0.450 v o l t s  and w i t h  0.641 m i l l i w a t t s  of C02 
l a s e r  power focused onto the photodiode active area. 
Al o f   t h e   f f e c t i v e   h e t e r o d y n e  quantum e f f i c i e n c i e s   l i s t e d   i n   T a b l e s  2 
and 3 were  measured a t  2.0 GHz. The i n c i d e n t  CO, l a s e r  powers r e q u i r e d   t o  
p r o v i d e  t h e  l i s t e d  e f f e c t i v e  h e t e r o d y n e  quantum e f f i c ienc ies  ranged f rom approx-  
ima te l y  0.295 t o  1.090 m i  11 iwa t t s .  These  power l e v e l s  r e s u l t e d  i n  p h o t o i n d u c e d  
c u r r e n t s   o f  1.4 t o  2.5 m4. It i s   e n t i r e l y   p o s s i b l e   t o   i n c r e a s e   t h e   e f f e c t i v e  
heterodyne quantum e f f i c i e n c y  by u t i 1  i z i n g  l a r g e r  l e v e l s  o f  i n c i d e n t  CO, l a s e r  
power.  However, s a t u r a t i o n   e f f e c t s  and thermal damage may r e s u l t   f r o m   t h e  use 
o f  i nc reased  lase r  power l e v e l s .  
CONCLUSION 
The measurements p resen ted   f o r  t he  n -p  Hg,,Cd,.,Te photodiode show 
t h a t  it i s   p o s s i b l e   t o  use i t  as a moderate  bandwidth, 10.6vm CO, l a s e r   h e t e r -  
odyne detector .   Th is   d iode may be operated a t  e i t h e r  77 K o r  145 K w i t h  a f a i r -  
1.y qood S e n s i t i v i t y .  By proper   ad justment   o f   the (Hg,Cd)Te  bandgap  and doping 
1 eve1 s on e i t h e r   s i d e   o f   t h e  n-p j u n c t i o n ,  it should be p o s s i b l e   t o  use t h e  
nt -p   dev ice  s t ructure  cooled  to   the  temperature  range  o f  185 t o  205 K f o r  8-14 
m i  c rometer   in f rared  heterodyne  appl  i c a t  i ons. 
+ 
S i n g l e  .element  and four   e lement  n -n -p (Hg,Cd)Te photodiode  arrays 
have  been  devel  oped f o r  10.6vm wide  bandwidth CO, 1 aser  heterod.yne  appl  ica- 
t i ons .   E f fec t i ve   he te rodyne  quantum e f f i c i e n c i e s   o f  approximate1.y 13 t o  30% a t  
2000 MHz have  been exh ib i ted .  The photodiode's  frequency  response and he tero-  
dyne s e n s i t i v i t y  may be improved  by  the  proper  choice  of   junct ion  geometry,  by 
microwave  matching o f  the  photodiode 's   output   to   the  wide  bandwidth  preampl i -  
f i e r ,  by t h e   a p p l i c a t i o n   o f  an a n t i - r e f l e c t i o n  c o a t i n g  t o  t h e  p h o t o a c t i v e  a r e a ,  
and b.y o p t i m i z i n g  t h e  j u n c t i o n  d e p t h  and the  dep le t i on  reg ion  w id th .  
t -  
Current  research and devel opment i s  aimed a t  devel   opi   nq  arrays (1 2 
elements) and increas ing   the  bandwid th  and h e t e r o d y n e   s n s i t i v i t y   o ft h e  
n -n -p(Hgo,,CdO~,)Te photodiode. 
+ -  
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Table 1 .  
Characteristics Of A Three Element n+- p Photodiode Army At Temperatures 
Of77 K-And 145 K 
I 11 13.81 20.5 IO0 0.240 18 
2 I 1  13.66 21 .o I02  0.230 
145 11.10 19.38 
160 20.4 
10 0.046 18 2 4 0  21.1 1.85 0.400 675 1.0~10-  19 
0.55 0.268 625 3.2r10"'~ 58 
I I  .01 20.51 ao 0.060 :: 2 0 0  90 23.9 0.35 0.322 125 8.4x10"' 2 2  19.1 1.5 0.201 600 1 . 2 ~ 1 0 - ~ '  16 
145 11.40 
14.11 
18.5 
19.0 0.200 
34 0.032 
26.5 0.15 0.263 500 n . e X l o - . ~  21 
15 ?50 11.1 1.65 0.180 415 1.3.10- !a 
145 
I I  15 16 55 
Table 2. 
Summary Of Single Element n -n - p Hg Cd Te Photodiode b w  Flequency + 0.8 0.2 
And Heterndyne Characteristics 
Table 3. 
Summary Of The Hetemdyne Characferistics Of A Four Element n n p 4" 
Hg0.8 0.2 Cd Te Photodiode Army 
RF RO VOLTAGE 
ELEMENT k o  'p(IJm) S c  (ohms) (ohms) ( V O L T S )  
BREAKDOWN OARK 
CURRENT NEP 
( w / H ~ )  "EH (m4) 
1 11.5 10.5  0.375 28.5 270 1.7 2.35  0.716  0.35
3 11.5 10.5  0.385 29 270 0.80 2.0 0.633  0.180 1.34~10-19  14% 200 
. .  
6.93~10-20 27%  100
2 11.18  10.5  0.50  33.3 250 1.8  1.98 0.641  0.45  9.84~10-20 19%  100 
4 11.5  10.5  0.365 25 500 2.1 1-95 0.656 0.530 1.31~10-19 14.3% 50 
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T = 77 
= 13.83pm 
V 0.240 volts B 
R~~~~~~~ = * O m 5  
R, = 100 ohms 
A = 1.8 x IO- cm 4 2  
T 145 
A = 11.10um 
V,., = 0.046 volts 
co 
RFORWARD = 19.38 ohms 
R = 30 ohms 
Ao= 1.8 x cm 2 
Figure 1.- I-V c h a r a c t e r i s t i c s  of element 1 measured a t  77 K and 145  K. 
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Figure 2 .- l / C L  ver sus  r eve r se  b i a s  vo l t age  €or element 1. 
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Figure  3 . -  Heterodyne radiometer.  
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Figure 4.- Heterodyne s ignal  f requency response of element 1 measured a t  145 K. 
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Figure  5.- Shot -noise  s igna l  response  versus  f requency  for element 2 of a f o u r  
e lement  array.  
I I I I 
1 0 0  580 1 0 6 0  . 1 5 4 0  2 0 2 0  2 5 0 0  
FREOUf .NCY ( M H z )  
Figure  6.- Vol tage  s tanding  wave r a t i o  v e r s u s  f r e q u e n c y  for element 2 of a f o u r  
e lement  array.  
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pLo = 0.641 m W  
VBlaS 0.69 VOLTS 
Figure  7.- E f f e c t i v e  h e t e r o d y n e  quantum e f f i c i e n c y  v e r s u s  f r e q u e n c y  f o r  
e lement  2 of a four  e lement  photodiode  array.  
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